The first optical spectroscopic investigation of MoC has revealed a complicated vibronic spectrum consisting of about 35 bands between 17 700 and 24 000 cm
I. INTRODUCTION
In comparison to the available gas phase spectroscopic data for the 3d transition metal monocarbides, of which only FeC, [1] [2] [3] CoC, 4, 5 and NiC ͑Ref. 6͒ have been studied in detail as isolated gas phase entities, the 4d carbides are becoming a well characterized group of molecules. The first of the 4d monocarbides, YC, 7 was also the first transition metal carbide to be investigated in a jet-cooled experiment. There it was found that YC possesses a 4 ⌸ i ground state deriving from the 10 2 11 1 5 3 12 1 configuration. Spectra for the next 4d monocarbide, ZrC, have been recorded, and a 1 ⌺ ϩ ground state has been determined. 8 Simard and co-workers 9 have collected optical spectra for the next carbide in line, NbC, and established its ground electronic state as 2 ⌬ r deriving from a 10 2 11 2 5 4 2␦ 1 configuration. Clearly, one of the interesting results of these studies has been the observation that it becomes more favorable to occupy the 2␦ orbital between YC and NbC.
Postponing discussion of MoC for the moment, TcC is the next 4d carbide, but no experimental work has yet been reported for this diatomic. Considerably more is known about RuC, the carbide to the right of TcC in the 4d series. Two high temperature studies in the early 1970s provided the first spectroscopic data on RuC, 10, 11 but these investigations produced molecules that were too hot to allow the ground state electronic symmetry to be established. More recent work conducted in this group 12 configuration. It appears that the addition of three electrons on moving from NbC to RuC simply fills the 2␦ orbital. Next in the 4d metal-carbide series is another well studied molecule, RhC. 13 Its ground state has been established as 10 2 14 and the ground state has been established as possessing ⍀ϭ0. The ground electron configuration and term from which this ⍀ value arises is still uncertain at this writing. With the addition of the current work on MoC, the ground states of seven of the 4d metal monocarbides are now well characterized by gas phase optical spectroscopy, in contrast to just three for the 3d carbides.
In the first reported work on gaseous MoC, Gupta and Gingerich 15 conducted a Knudsen effusion mass spectrometric study of the products obtained upon heating Mo in a graphite furnace. Employing molecular parameters estimated from the relevant oxide data available at the time and their mass spectrometric equilibrium data, they determined the bond dissociation energy of MoC to be 4.95 eV using the third law method. In a recent ab initio study of MoC that included relativistic corrections, Shim and Gingerich 16 have calculated the ground state of MoC to be 10 2 11 2 5 4 2␦ 2 , 3 ⌺ Ϫ with e ϭ997 cm Ϫ1 and r e ϭ1.688 Å. As might be expected, these recently calculated molecular parameters differ from those used by Gupta and Gingerich in their original determination of the MoC bond strength because the bonding in the carbides is considerably different than in the oxides, the model for their original estimates. This has led Shim and Gingerich to revise the experimental MoC bond strength to D 0 (MoC)ϭ5.01Ϯ0.13 eV. Apart from these two studies, we are unaware of any other work on MoC, experimental or theoretical.
In the following section we present a brief discussion of the experimental methods employed to record the spectra of MoC. Section III presents the spectroscopic results obtained for MoC. Now that TcC, AgC, and CdC are the only 4d transition metal carbides to receive no spectroscopic attention, it is possible to rationalize the bonding trends in the 4d transition metal carbides, and this is accomplished in Sec.
IV. Section V concludes the paper with a summary of our most important results.
II. EXPERIMENT
A timely and brief description of the R2PI spectrometer and general experimental procedure can be found in the publication detailing our recent investigation of FeC. 3 Details can also be found in a number of earlier publications. 17, 18 Only a brief sketch of the conditions relevant to this study of molybdenum monocarbide will be given here.
Laser ablation ͑Continuum Powerlite 8000 Nd:YAG; 532 nm, 3 mJ/pulse͒ of a Mo target in the presence of methane in helium ͑3% CH 4 ) followed by expansion into vacuum through a 3 cm long, 2 mm diam channel produced MoC in high yield. Backed by a gas reservoir pressure of 120 psig, the ensuing supersonic expansion effectively cooled the contents of the molecular beam before it was skimmed and allowed to enter the extraction region of a Wiley-McLaren time-of-flight mass spectrometer. There, R2PI spectroscopy was performed by sequentially exposing the molecular beam to the output of a pulsed tunable dye laser ͑Molectron DL-222͒ pumped by the frequency tripled output of a Nd:YAG laser ͑Quantel Model 581-C͒ and subsequently to the output of an excimer laser ͑Lambda Physik, Compex 200͒ operating on an ArF gas filled at 6.42 eV. For low resolution survey scans at a resolution of about 0.6 cm
Ϫ1
, approximately 5-8 mJ of energy was available per laser pulse. In order to resolve the rotational structure of individual bands of MoC, higher resolution radiation ͑0.04 cm
͒ was generated by the insertion of an air spaced étalon into a vacuum tight portion of the oscillator cavity of the same dye laser. The laser frequency was then pressure tuned over a range of about 15 cm Ϫ1 with Freon-12 (CCl 2 F 2 , DuPont͒. Approximately 1-2 mJ of this radiation was generally available for rotationally resolved studies.
Calibration of the rotationally resolved scans was accomplished by collecting the fluorescence of iodine from 17 700 cm Ϫ1 to 20 000 cm Ϫ1 and comparing this to the atlas of Gerstenkorn and Luc. 19 Following a correction for the error in this atlas 20 and for the Doppler shift due to the velocity of the molecular beam relative to the excitation laser radiation, the measured rotational line positions are believed to have an absolute accuracy of Ϯ0.02 cm Te was heated to either 510°C or 650°C to collect the absorption spectrum of the equilibrium concentration of Te 2 present in a sealed absorption cell. This spectrum was compared to the atlas of Cariou and Luc 21 to obtain an absolute frequency match. After a correction for the Doppler shift, the reported line positions for these bands are again believed to be accurate to Ϯ0.02 cm
. Excited state lifetime data were collected by the time delay technique in which the delay between excitation and ionization of the molecular species is systematically varied to map out the excited state population of that species as a function of this delay. The exponential decay is then fit to one of several decay models to extract an excited state lifetime. 22 Mo containing species are difficult to study spectroscopically unless it is possible to separate the spectrum of each isotope from that of the others. In an optical study, this can be done most reliably and reproducibly in a mass resolved R2PI experiment. Even with mass resolution, however, mass coincidences can occur that have the potential to complicate the identification of the carrier of a spectrum, especially when a molecule possesses several isotopic modifications. No serious complications occurred in this study because careful calibration of the mass spectrometer allowed the mass of the carrier to be determined without ambiguity, eliminating other possible candidates for the carrier of the observed spectra such as MoO and MoCH. Careful attention was given to the mass spectrum during low resolution survey scans for signs of any MoCH transition, which would have been most obvious in the gaps of the MoC mass pattern at masses 105 amu and 111 amu. No enhancement was ever observed; indeed, no transition was observed in any other Mo containing hydrocarbon. Care was also taken to ensure that no contamination from MoO was present at the masses of coincidence between MoC and MoO ͑108 amu, 110 amu, and 112 amu͒, especially in the region of this study that was known from previous work to possess MoO transitions. 23 No transitions that could be ascribed to MoO were observed, however. It is quite certain that the bands reported in this paper are exclusively due to the isotopes of MoC.
III. RESULTS

Because of its
A. General features
The spectral region between 17 700 cm Ϫ1 and 24 000 cm Ϫ1 was found to consist of about 35 bands. Of these, 24 were sufficiently intense to be probed with rotational resolution, but four did not yield to analysis, and one additional band could not be reliably calibrated. For none of the rotationally resolved bands was there any evidence of hyperfine splitting or broadening of the rotational lines for the isotopes with nuclear spin, 95 Mo 12 C and   97   Mo   12 C. In the fitting of each band, integer values of J were used in the assignment of each line, and the first observed lines were always R(0), Q(1), and P(2). This is indicative of an ⍀ϭ1←⍀ϭ0 transition, and it applied to every rotationally resolved band. This implies that the ground state possesses ⍀ϭ0 and that a number of excited states with ⍀ϭ1 exist. For all rotationally resolved bands, satisfactory residuals in the fits of the line positions could only be obtained by the inclusion of lambda doubling in the ⍀ϭ1 upper state. Because each transition was found to terminate in an ⍀ϭ1 electronic state and originate from an ⍀ϭ0 state, the lambda doubling energy is proportional to JЈ(JЈϩ1). 24 With these items in mind, the formulas used to fit the rotational line positions of each rotationally resolved band can be written succinctly following the standard conventions 25, 26 as 27 Grouping the observed transitions according to electronic state proved more difficult. No regular and repeating band spacings that would indicate a progression were ever found. As an alternative approach, an attempt was made to find patterns in the isotope shifts and rotational constants among all the rotationally resolved bands. If the isotope shifts for individual bands are plotted as a function of transition energy, the shifts for bands belonging to a progression are expected to lie approximately on a line for the first several vibrational levels as long as the anharmonicity is not too large. If vibrational levels with sufficiently large vЈ are observed, anharmonicity will cause the isotope shifts to curve away from a straight line as vЈ increases. Moreover, the slope of the expected line in a region that should be approximately linear can be calculated using the known values of the reduced masses of the isotopomers and estimates of e Ј , e Јx e Ј , e Љ , and e Љx e Љ . Often a figure such as this, which displays measured isotope shifts as a function of transition energy on the same plot as lines of calculated isotope shifts for various vibrational assignments, is used to determine the absolute vibrational numbering of the bands in an identified progression. Here, the band systems have not yet been found, and the plot is used to initially identify them. For MoC, this proved to be partially successful.
During data collection, care was taken to ensure that data for C, the perturbation becomes washed out in comparison to the shift, and the shifts become a more meaningful indicator of which bands belong to which systems. The large isotope shifts observed upon substitution of 13 C for 12 C undoubtedly played an important role in the identification of the band systems in NbC, 9 and the small shifts observed in this study of MoC have undoubtedly contributed to the difficulty associated with grouping bands into systems.
At 12 C͒. Though the fact that shifts lie along such a line cannot prove that the bands to which they correspond belong to a progression, it at least provides possibilities and supporting evidence, and here it allowed the tentative identification of three systems in MoC.
B. The ground X⍀‫0؍‬ state
As has already been argued in Sec. III A, the lower state of each rotationally resolved transition is ⍀ϭ0 which most likely derives from a ⌺ state. Furthermore, all the fitted lower state rotational constants for any one isotope are very similar, indicating that the state from which these transitions originate is the same for each band. Because these experiments were carried out in a supersonically cooled molecular beam, it is virtually certain that this ⍀ϭ0 state is the ground state of MoC. It would be shocking if it were not. To arrive at the best estimate of BЉ for each isotope, a weighted average of all the individually determined BЉ values from each fitted band was taken. All fitted values of BЉ were used in each weighted average except for the values determined for the band near 21 241 cm
Ϫ1
. These values were considered suspect because the fitted free spectral range of the étalon used in the data calibration was quite different from that determined for the same étalon in nearby spectral regions. This likely occurred because there were few calibrated Te 2 absorption lines available in this region for an absolute frequency reference. Otherwise, all data were used. The weighted average values of B 0 for the X⍀ϭ0 state of MoC for each isotope are provided in Table I along with the bond lengths to which they convert and the number of bands used to determine the value of B 0 . All the data suggest that the ground state of MoC is sufficiently removed from other states such that it remains relatively unperturbed. Even when severe perturbations prevented the fitting of a band with Eq. ͑1͒, it was possible to extract a value of BЉ quite close to those in Table I via combination differences. 24 Although bond lengths have been extracted for each of the isotopes of MoC, the rotational constants in Table I may not be directly related to the moment of inertia of the molecule because of spin-uncoupling interactions with the ⍀ ϭ1 component of the ground 3 ⌺ Ϫ term. This possibility is explored more deeply in Sec. IV. For now, it is sufficient to say that it must be kept in mind that the bond lengths reported in Table I 
Mo
12 C isotope shift is used is nearly double that calculated from Eq. ͑3͒, but it is clear that the three data points lie on the same line. A similar result is found when other isotopic pairs are used. Other evidence strongly suggests that these three bands belong to the same system. The fact that the isotope shift for the first member of the progression is nearly zero (Ϫ0.0502Ϯ0.0023 cm
Ϫ1
) is good evidence that the 18 612 cm Ϫ1 band is an origin band. As mentioned, the isotope shift for the 19 453 cm Ϫ1 band is larger than expected, but it is not unreasonable for a 1-0 band. It is initially disturbing that the measured excited state lifetime for the 98 Mo 12 C isotope of the 19 453 cm Ϫ1 band is 2.5 s while those of the bands assigned as 0-0 and 2-0 are on the order of 800 ns. In Table  II , however, it can be found that the measured lifetime ͑660 . No error limits are associated with these values because three band origins uniquely determine e Ј and e Јx e Ј . Assuming that the upper states are not perturbed in such a way as to make the B-values unrelated to the moment of inertia, the decrease in the upper state rotational constants relative to those of the ground state indicates a slight increase in bond length upon excitation. The rotationally resolved spectrum of the 2-0 band of this progression is shown in Fig. 1 , and there it can be seen that the Q f e branch fans out to lower energy as is expected if the B-value decreases upon excitation. The R e branch is approaching a band head, but it does not reach it before the intensity of the lines drops to zero.
D. The remaining possible band systems
The assignment of bands to a progression when there are only two members is tentative at best, especially when using the technique that was used in assignment of the ͓18.6͔⍀ ϭ1←X⍀ϭ0 system. After all, any two points describe a perfect line. A greater reliance must be made on the actual measured slope of the line intersecting the ͑,⌬͒ data points for the bands in question. With these caveats in mind, a second likely system is that defined by the bands located near 20 700 cm Ϫ1 and 21 538 cm
Ϫ1
. The slope of the line through these ͑,⌬͒ data points is Ϫ0.001 63, a number which is as close to the expected value of Ϫ0.001 09 as could be obtained. The upper state rotational constants decrease from the lower energy band to the higher as expected, and the lifetimes of the two upper states are similar, 365 ns and 259 ns, respectively. These two bands yield ⌬G 1/2 Ј ϭ838.47Ϯ0.51 cm Ϫ1 , a reasonable value for an electronically excited transition metal carbide.
Also lending support to this assignment is the fact that the first of these bands is nearly twice as intense as the second. Based on the total lack of bands 900Ϯ200 cm Ϫ1 to the red of the 20 700 cm Ϫ1 band, there seem to be no prior members of this progression. It then seems reasonable to assign these bands as the 0-0 and 1-0 bands of the ͓20.7͔⍀ϭ1 system. The isotope shifts are certainly larger than would be expected for 0-0 and 1-0 bands, but, then again, only one band in the entire spectral region covered in this study, the 18 611 cm Ϫ1 band, possesses an isotope shift of the magnitude expected for a 0-0 band. It seems unreasonable to think that the entire spectrum of MoC that has been observed would contain just a single origin band; therefore, it is necessary to accept the idea that origin bands have isotope shifts larger than expected ͑near 1 cm Ϫ1 ͒ in this molecule. Data for three isotopes of each band in this system are tabulated in Table II. The third possible band system consists of two bands located near 22 520 cm Ϫ1 and 23 323 cm
. The slope of the line through the ͑,⌬͒ data points for these two bands ͑Ϫ0.001 18͒ is quite close to the expected value of Ϫ0.001 09. A value of ⌬G 1/2 Ј ϭ803.1958Ϯ0.0043 cm Ϫ1 can be extracted from these two bands, a value which is, again, reasonable for an electronically excited transition metal carbide. The lifetimes are similar and the rotational constants decrease as expected from the lower energy band to the higher energy band. The intensity pattern in the low resolution survey scan is again as expected with the first band more intense than the second. Also as before, there is nothing 800 cm Ϫ1 to the red of the 22 520 cm Ϫ1 band to suggest that it is anything but an origin band, despite the fact that its isotope shift is over 1 cm
. This band is therefore assigned as the 0-0 band of the ͓22.5͔⍀ϭ1 system, and the 23 323 cm Ϫ1 band as the 1-0. Data for this system are also listed in Table  II . The rotationally resolved spectra for bands in both of these tentatively assigned band systems appear very similar to that shown in Fig. 1 . 
E. Unassigned resolved bands
The three band systems discussed above account for only seven of the observed bands. This leaves 13 rotationally resolved and analyzed bands unclassified by electronic state as well as four bands that could not be fully analyzed because of extensive perturbations. The analyzed bands that cannot be classified share some general features in common. Ϫ1 have lifetimes of 2.14 s and 5.5 s, respectively. As with the bands assigned to systems, the unassigned bands all display a decrease in B-value upon excitation. For some this change is moderate, but for a few it is fairly dramatic. The band located near 20 395 cm
Ϫ1
, for instance, displays a decrease in B-value that converts to a bond length increase of 0.18 Å. Most often the change is less than 0.1 Å. Of course, this assumes that the fitted B-values are directly related to the moment of inertia and that they are not seriously distorted by the perturbations that are apparently present throughout the spectrum of MoC.
In addition to the three band systems tentatively identified in Table II , at least two more excited states must be present. One of these possesses a long lifetime and has a bond length considerably longer than that of the ground state. The others have bond lengths that are more nearly the same as the ground state and shorter lifetimes. Undoubtedly there are strong interactions between the excited ⍀ϭ1 states in this region, leading to a scrambled vibronic spectrum that is not readily organized into band systems. Spectroscopic data for the 98 
Mo
12
C isotope of each of the unclassified but analyzed bands are listed in Table III , and data for the remaining isotopes are available from the Physics Auxiliary Publication Service ͑PAPS͒ ͑Ref. 27͒ or from the author ͑M.D.M.͒ upon request. The PAPS tables also include the line positions gathered at high resolution for bands that were not found to fit well because of perturbations.
F. Evidence of an excited ⍀‫0؍‬ state
From an ⍀ϭ0 ground state, only ⍀ϭ0 and 1 excited states can be observed. As reported above, numerous ⍀ϭ1 states were spectroscopically accessed in the region probed, but no ⍀ϭ0←⍀ϭ0 transitions were found. Though no ⍀ ϭ0←0 transition was observed, there is evidence that an ⍀ϭ0 state exists near 21 400 cm
Ϫ1
. Its presence is manifested through its effect on the line positions of a nearby ⍀ ϭ1←0 transition that was rotationally resolved.
The rotationally resolved spectrum of the 21 390 cm
band of 98 Mo
12
C appeared normal at first, but an attempt to fit the line positions to Eq. ͑1͒ led to unacceptably large residuals and to a ground state rotational constant that was considerably different than expected. When, instead, combination differences were taken between lines that terminate on the same upper state rotational level, the value of BЉ for this band was determined to be 0.553 64Ϯ0.000 42 cm
Ϫ1
. This value is numerically equal to the weighted average value of BЉ for 98 Mo
12
C that is tabulated in Table I . This is good evidence that this band originates from the ground state of MoC and that whatever perturbation is causing the poor fit to Eq. ͑1͒ can be entirely attributed to the upper state. Further insight into this band can be gained by plotting the term energies of the upper state e and f rotational levels, F e (J) and F f (J), as a function of J(Jϩ1). Because the lambda doubling energy and the rotational energy for an ⍀ϭ1 state are proportional to J(Jϩ1), these term energies ought to lie along lines with different slopes. Such a plot is shown in Fig.  2 . The term energies have been plotted about the average line between the two sets of term energies to allow the differences between them to be better discerned. It can be seen in Fig. 2 that the F f term energies, shown in closed squares at the top of the figure, follow a straight line as expected from Eq. ͑1͒. The F e term energies, however, deviate from a straight line, and it is now clear why the line positions collected to form Fig. 2 would not fit well to Eq. ͑1͒.
What is striking about Fig. 2 is that only the upper state e levels seem to be affected. For this to happen, the elec- tronic state causing the perturbation must contain only e parity levels. This can only be true of ⍀ϭ0 ϩ states. Furthermore, because the e levels are seen to deviate in a positive direction from the expected line, it can be deduced that the perturbing ⍀ϭ0 ϩ state lies below the rotationally resolved ⍀ϭ1 state at 21 400 cm Ϫ1 . The data in Fig. 2 can be used to determine spectroscopic parameters for this band. Because the f levels in the upper state appear to be unperturbed, it is possible to extract a value of 0 from the y-intercept of the line defining the f level term energies. This value is 21 389.7245 Ϯ0.0030 cm
Ϫ1
, with the slope of the line being 0.485 98 Ϯ0.000 13 cm
. This slope corresponds to the value of BЈϩ 1 2 qЈ. Because the perturbation affecting the e levels depends upon J, the magnitude of the perturbation must be zero in the nonrotating molecule. This means that at Jϭ0, both term energies must coincide at 0 . If it is assumed that the first two data points defining the F e line in Fig. 2 are relatively unperturbed, these two data points, along with the yintercept that was previously determined, can be used to extract an unperturbed F e line. This line intersects the y-axis at the same location as the F f line and has a slope of 0.429 77Ϯ0.000 79 cm
. This is the value of BЈϪ 1 2 qЈ. The average of the two slopes yields an unperturbed value for BЈ of 0.457 87Ϯ0.000 80 cm
, and the difference between the two slopes yields a value for the lambda doubling parameter of qЈϭ0.056 21Ϯ0.000 80 cm
. Of course, this assumes that the first two data points of the F e line are unperturbed. Because these two data points can visually be seen to very nearly extrapolate to the y-intercept determined by a fit of the F f levels, this is a reasonably good assumption. At any rate, this procedure yields a better estimate of the spectroscopic parameters for this band than could be provided by an attempt to fit the line positions to Eq. ͑1͒.
G. Other perturbed bands
Plots similar to that in Fig. 2 . This could be simply a result of the data obtained for this particular band being of substantially poorer quality than for the other bands in this investigation.
H. Ionization energy
Sievers, Chen, and Armentrout have recently determined the dissociation energy of MoC ϩ to be 4.31Ϯ0.20 eV. 28 Using this number along with the recently revised value for the dissociation energy of MoC (5.01Ϯ0.13 eV) ͑Ref. 16͒ and the known ionization energy ͑IE͒ of atomic Mo ͑7.092 43 eV͒, 29 the ionization energy of MoC can be calculated to be 7.79Ϯ0.24 eV. An attempt was made to determine the IE of MoC more precisely by scanning the previously surveyed spectral region while employing for photoionization an excimer laser operating on a KrF gas fill to provide a 5.00 eV photoionization source. When the spectral region was originally scanned using 6.42 eV excimer radiation for photoionization ͑ArF gas fill͒, the bands located at 18 611.9526 cm Ϫ1 and 23 323.5623 cm Ϫ1 were determined to be the lowest and highest energy bands, respectively, that could be confirmed as originating from the vibrationless level of the ground state of MoC. A survey scan utilizing 5.00 eV radiation for photoionization would have allowed the IE to be measured with no more than a Ϯ0.06 eV uncertainty if the IE fell in the range 7.31-7.89 eV and if no other complications were present. This determination was not possible, however, because the MoC ϩ ion signal produced when KrF radiation was used for photoionization could not be attenuated sufficiently to conduct an R2PI experiment. In fact, as the ionization laser was attenuated, the Mo ϩ signal decreased more rapidly than the molecular ion signal until no comparison was possible because the Mo ϩ signal was no longer detectable and the MoC ϩ signal continued to nearly saturate the detector. Because MoC cannot be one-photon ionized at a photon energy of 5.00 eV and because atomic Mo must be nonresonantly ionized by two 5.00 eV photons, 29, 30 the only reasonable explanation for the intense MoC ϩ signal observed using KrF radiation is that the MoC molecule has a strong absorption that is excited at this wavelength and that absorption of a second photon then leads to an efficient ionization process. Nevertheless, an upper bound of 8.73 eV for IE͑MoC͒ can be extracted from the data collected in this study. This is consistent with the value of 7.79Ϯ0.24 eV determined primarily using thermochemical data, but it does not represent an improvement in its precision.
IV. DISCUSSION
A. Expected trends from MF to MO to MN to MC
Through the careful work of dedicated spectroscopists, the electronic structure of many of the transition metal monoxides is now well characterized. 31 The insight into the bonding of these species that has been gained through this work has led to a natural tendency to apply the bonding models developed for the metal-oxygen bond to less studied systems, such as the transition metal carbides, nitrides, and fluorides. In order for the metal oxide paradigm to be directly applicable to the carbide, nitride, or fluoride of any one transition metal atom, the valence 2s and 2 p orbitals need to be at nearly the same energy in C, N, O, and F. This is not true, however, as a quick perusal of the relevant atomic energy levels and ionization energies will indicate. 30 This conclusion can be illustrated more dramatically by plotting the calculated energies of the 2s and 2 p orbitals for the 2s 2 2p
n configuration for the second row atoms B, C, N, O, and F. These energies, calculated using the Hartree-Fock program supplied by Charlotte Froese Fischer, 32 are shown in Fig. 3 . As can be seen, both the 2s and 2 p orbital energies drop considerably from B to C to N to O to F, but it is the 2s orbital that undergoes the most dramatic drop. This well known behavior is due to the increase in nuclear charge as one moves across the series, and the effect is greater for the 2s orbital because the added 2p electrons do not effectively shield the 2s electrons from the added nuclear charge. Because these different ligand atoms have substantially different valence orbital energies, significant changes in the electronic structure can be expected as the oxygen ligand atom is replaced with N, C, or F. The metal oxides may, therefore, provide a misleading model for the carbides, the focus of this work.
Similar Hartree-Fock calculations carried out for the 4d transition metal series to obtain the 4d and 5s orbital energies show that these orbitals lie between roughly Ϫ4 eV and Ϫ14 eV. Consequently, the drop in valence orbital energies shown in Fig. 3 for the ligand atoms causes the nd and (n ϩ1)s valence orbitals of the transition metals to lie much closer in energy to the carbon valence orbitals than to the fluorine valence orbitals. As a consequence, the bonding orbitals in the transition metal fluorides tend to be localized primarily on the fluorine atoms while the antibonding orbitals are localized more on the metal atoms. For the metal fluorides, little M-F orbital mixing is expected, and the molecular orbitals are expected to lie very close in energy to their corresponding atomic orbitals in the separated atoms. As a result, it is expected that a grouping of the molecular orbitals into two classes will occur: ͑1͒ weakly bonding and closely spaced ligand-based orbitals that lie low in energy and ͑2͒ weakly antibonding or nonbonding and closely spaced metal-based orbitals that are generally much higher in energy. Most of the bonding interaction in the fluorides is expected to arise from the transfer of metal electrons into one of the ligand-based orbitals, leading to bonding that can best be described as ionic. The inherently closely spaced metalbased orbitals then favor high multiplicity ground states in which the electrons are placed in different orbitals to minimize electron-electron repulsions and maximize exchange stabilization. Because of the wide separation between the bonding and antibonding orbitals in the transition metal fluorides, the higher energy spectroscopic transitions observed in the metal fluorides can be classified as charge transfer transitions in which an electron in a ligand centered orbital is moved to a metal centered orbital.
The increasingly better energetic match between the valence orbitals of the ligand atom with those of the transition metal on moving from F to O to N to C is expected to lead progressively to molecular orbitals that can be considered to share electrons more equally between the two atomic centers. The molecular orbitals of the transition metal carbides are therefore expected to be displaced further in energy from their atomic progenitors due to the greater interaction between the energetically well-matched atomic orbitals, and they are not expected to remain so closely spaced as in the fluorides. It is therefore less tenable to categorize the molecular orbitals into the two groups mentioned above and not as straightforward to identify the orbitals as ligand based or metal based in the carbides. As a consequence, these molecules are better characterized as covalent than as ionic.
From these differences in orbital structure, it is reasonable to expect that high multiplicity ground states will be more strongly favored for MF, MO, and MN species than for MC molecules. Based on the available experimental and theoretical studies, this expectation is borne out well. Of the eleven transition metal carbides that have been experimentally investigated ͓FeC (
IrC ( 2 ⌬ i ), 33, 34 and PtC ( 1 ⌺ ϩ ) ͑Refs. 35, 36͔͒, only YC has a ground state multiplicity greater than 3. In contrast, numerous oxides possess ground states with multiplicities greater than 3. For example, VO ( 4 ⌺ Ϫ ), 31 CrO ( 5 ⌸ r ), 31 MnO ( 6 ⌺ ϩ ), 31 FeO ( 5 ⌬ i ), 31 CoO ( 4 ⌬ i ), 31 NbO ( 4 ⌺ Ϫ ), 37 and MoO ( 5 ⌸ r ), 23 and possibly others, possess high multiplicity ground states. Particularly demonstrative of this tendency are the sets of isoelectronic molecules MnF ( 7 ⌺ ϩ ), 38 FeO ( 5 ⌬), 31 and NiC ( 1 ⌺ ϩ ) ͑Ref. 6͒ as well as CrF ( 6 ⌺ ϩ ), [39] [40] [41] MnO ( 6 ⌺ ϩ ), 31 FeN ( 2 ⌬), 42 and CoC ( 2 ⌺ ϩ ).
4,5
B. Expected trends from YC to AgC
In the previous section, it was made clear that changing the ligand atom attached to any single transition metal from F to O to N to C to B is expected to change the nature of the bonding in the molecule considerably. For a given ligand atom, changing the metal atom has consequences as well. The added nuclear charge on moving across the 4d transition metal series causes all atomic orbitals to drop in energy. In this case, however, it is the 4d orbitals that drop more rapidly than the 5s because the 5s orbital has a greater spatial extent than the 4d, and the added d electrons are effective in shielding the s electrons for this reason. This trend for the 4d series is illustrated in Fig. 4 where the 4d and 5s Hartree-Fock 32 orbital energies for the 4d n 5s 1 configuration of the neutral metals have been plotted. The primary consequence of this trend across the 4d transition metal series is that all the molecular orbitals with a large amount of 4d character ͑2␦, 6, and 13͒ are expected to drop in energy relative to the 12 orbital, which is primarily 5s in character, as one moves left to right across the 4d series. Figure 4 suggests that in the early transition metal carbides, such as YC, all of these 4d-based orbitals will lie above the 12 orbital, but as one moves to the right, this will no longer be the correct ordering. The first of the 4d-based orbitals to drop below the 12 orbital is the 2␦ orbital, which is nonbonding in character. Thus, it is found that the 12 orbital is occupied and the 2␦ orbitals are empty in the ground 10 2 11 1 5 3 12 1 , 4 ⌸ i state of YC, clearly placing the 2␦ orbital above the 12 orbital. By the time NbC is reached, however, this situation is reversed, and the 2␦ orbital is occupied while the 12 orbital is empty in the 10 2 11 2 5 4 2␦ 1 , 2 ⌬ r ground state. Between YC and NbC the energy ordering of the 12 and 2␦ orbitals is reversed, a result that is a direct consequence of the orbital energy trends depicted in Fig. 4 for the isolated metal atoms.
Now that the trends expected as the ligand atom is changed and as the metal atom is changed have been discussed, it is possible to understand the ground state electronic structure of MoC. In Fig. 5 is shown a molecular orbital diagram that will prove useful in determining the ground state orbital configuration of MoC. The character of the 10 orbital is mainly C 2s while the 11 and 5 orbitals are strongly bonding combinations of the metal centered 4d and 4d orbitals with the carbon 2 p and 2 p orbitals, respectively. The energetic ordering of the 11 and 5 orbitals is chosen to be consistent with the ordering suggested by the calculations of Shim and Gingerich. 16 The 13 and 6 molecular orbitals are the antibonding counterparts to the bonding 11 and 5 orbitals. The 2␦ orbital is almost purely metal 4d␦ in character. The 12 orbital is most likely nonbonding in character and composed mainly of the metal 5s orbital, as is demonstrated from the hyperfine splittings analyzed in the RuC molecule. 12 All rotationally resolved bands observed in this study of MoC fit as ⍀ϭ1←0 transitions. It was necessary to include lambda doubling to achieve satisfactory fits, but all lines were simply undoubled P(J), R(J), and Q(J) lines. These facts, taken together, imply that the ground state of MoC must be a single ⍀ϭ0 state rather than an ⍀ϭ0 Ϯ pair such as might result from a 3 ⌸ state. This further implies that the ground state must be a ⌺ state. If the 10 valence electrons of MoC are placed into the molecular orbitals in Fig. 5 , the final two electrons can be placed in a number of locations. First, the two electrons can be placed in the 2␦ orbitals such that they are high spin coupled to yield a 3 ⌺ Ϫ (0 ϩ ) ground state. 1 . The last occupied molecular orbital is the 12 orbital. The 12 orbital lies below the 2␦ in this case, a situation analogous to the fact that the 5s orbital of Y lies below the 4d orbitals. As this paper goes to press, ZrC is undergoing spectroscopic scrutiny in the laboratory of Professor A. J. Merer. nϩ1 configuration are shown. The 5s orbital energies are shown along the line connecting the closed circles, and the 4d energies are shown along the line connecting the closed triangles. The 5s orbital first drops and then raises slightly in energy as the nuclear charge is increased because it is well shielded from the added nuclear charge by the additional 4d electrons, which are more spatially compact than the 5s orbital.
FIG. 5. Qualitative molecular orbital diagram for MoC. The 10 orbital is mainly a carbon 2s orbital. The 11 and 5 orbitals are bonding combinations formed from the molybdenum 4d and 4d orbitals with the carbon 2 p and 2 p orbitals, and the 13 and 6 orbitals are the corresponding antibonding combinations. The 2␦ orbital is a nonbonding orbital formed from the molybdenum 4d␦ orbitals. Finally, the 12 orbital is largely nonbonding in character and composed mainly of the 5s character on molybdenum. The orbital occupations for the 3 30 This latter possibility would imply that at Pd both the 2␦ and the 6 orbitals have dropped below the 12 orbital in energy. Such a possibility is not unreasonable because the increase in bond length from RhC to PdC is about 0.1 Å.
14 This increase is more than expected from experience with the other transition metal carbides, and it suggests that the nominally antibonding 6 orbital may be occupied in PdC.
The rotationally resolved bands investigated here yielded a set of lower state rotational constants, either by a direct fit to Eq. ͑1͒ or by combination differences, that appeared to be statistically the same. Because of this, it has been argued that all of the observed transitions originate from the same lower state and that any low-lying excited states lie far in energy above the ground state and are not thermally populated under our experimental conditions. Because the ground state is well separated from other electronic states, it might be thought that it would be free of perturbations from nearby states. It is possible, however, that the ⍀ϭ1 component of the ground 3 ⌺ Ϫ term may be sufficiently close to the ⍀ϭ0 ϩ ground component for spin-uncoupling interactions to distort the measured rotational constant from a value that is directly related to the moment of inertia, thereby introducing errors into the calculated ground state bond length. Similar caveats concerning heterogeneous perturbations by relatively remote states apply to all the excited states observed in this investigation, where the importance of such rotationally dependent perturbations is manifested by the lambda doubling observed in the ⍀Јϭ1 upper states. In the ground ⍀ϭ0 ϩ state, however, heterogeneous perturbations are more insidious because they can distort the rotational constant from a value that is related to the moment of inertia without revealing their presence. No lambda doubling is possible in the ⍀ϭ0 ϩ ground state to warn the investigator that something is amiss. A 3 ⌺ Ϫ term is composed of two ⍀ levels, 0 ϩ and 1. If these two components are not well separated in energy, as might be expected by the absence of first order spin-orbit interactions, they will be thoroughly mixed by the Suncoupling operator such that it becomes invalid to consider the ground state as belonging to Hund's case ͑a͒. It would be more properly described in a Hund's case ͑b͒ basis. It was possible to fit rotational line positions for MoC assuming Hund's case ͑a͒ applied to the ground state; therefore, the two components must be separated by a second order spinorbit effect. The most likely source of such an effect is interaction with the 1 Ϫ1 by the spin-uncoupling interaction. Making this correction to BЉ we find that our estimate of the ground state bond length, r 0 , is changed from 1.6877 Å to 1.6755 Å. This is not a negligible correction.
The uncertainty in the exact position of the 1 ⌺ ϩ state and the lack of any direct observation of the ⍀ϭ0 ϩ , ⍀ ϭ1 splitting in the 3 ⌺ Ϫ state precludes any precise correction to the measured rotational constants in Table I . The calculation above does illustrate, however, that the interaction may affect the value of BЉ such that it is no longer directly related to the moment of inertia of MoC. In the absence of additional data, the value of r 0 ϭ1.6755 Å obtained above represents our best estimate of the true bond length of the MoC molecule. Nevertheless, this value will require revision when the separation between the ⍀ϭ0 ϩ and 1 components of the X 3 ⌺ Ϫ ground state is accurately measured. ⌺ 1 , and other 3 ⌸ 1 states. There are, then, a wide range of states that can gain intensity in transitions from the ground state by interaction with this ͑or other͒ 3 ⌸ 1 states. Unfortunately, the one available ab initio calculation is of little help in deducing the likely energies of these possible states. In any case, it seems that significant spin-orbit mixing among a number of states is probably responsible for the general complexity of the MoC vibronic spectrum.
D. The
The question still remains as to why there are no directly observed ⍀ϭ0 states. As deduced above, any ⍀ϭ0 upper states can only be observed to the extent that 3 . The 3 ⌺ Ϫ term coming from this same configuration will lie higher in energy but probably still considerably below the range of energies investigated here. To higher energies one expects to find 3 ⌺ Ϫ terms deriving from the excitation of a 5 electron to a 6 orbital, as well as from the excitation of an 11 electron to the 13 orbital. These represent bonding to antibonding excitations, however, and presumably occur at energies somewhat above the range of energies probed in our experiments. Based on these ideas, it may be possible to directly observe ⍀ϭ0 states if the regions to the red or blue of the current study are investigated. This is beyond the scope of the present investigation, however.
V. CONCLUSION
In this study there was considerable difficulty interpreting the excited electronic manifold of MoC, but the ground state was successfully characterized as the ⍀ϭ0 ϩ component of a 3 has proven to be difficult to interpret with any degree of satisfaction. The identification of the three band systems, with origins near 18 611, 22 520, and 20 700 cm
Ϫ1
, was far from clear. They represent, more than anything, the best attempt to make sense of a confusing array of bands spread almost higgledy-piggledy throughout the investigated region. More bands have been left unclassified than would be liked. This is undoubtedly the result of significant spin-orbit mixing between the various excited electronic states in this region. Nevertheless, the observation that all the observed bands possess ⍀Јϭ1 demonstrates that the source of oscillator strength in the energy range probed here is a 3 ⌸ 1 or 1 ⌸ 1 term. A consideration of the expected electronic structure of the molecule suggests that upper states with ⍀ϭ0 ϩ should be observable both to the red and blue of the probed region, where transitions corresponding to 12←11 and 6←5 electronic promotions, respectively, are expected.
ACKNOWLEDGMENTS
We thank both the U.S. Department of Energy ͑DE-FG03-93ER143368͒ and the donors of the Petroleum Research Fund, administered by the American Chemical Society, for support of this research. The authors would also like to heartily thank Professor Tim Steimle for his gift of the isotopically pure 130 Te and sealed absorption cell used to calibrate the rotationally resolved spectra collected here. Without such generosity, this study would have been much more difficult to complete. We also thank Professor Tim Steimle and Dr. Benoit Simard for helpful comments concerning this manuscript.
